Abstract. The processes of laser-induced transformation of SiO x oxide layers into the nanocomposite ones were studied. The possibility of phase separation in the form of Si nanocrystals surrounded by corresponding SiO 2 oxide matrix under irradiation by nanosecond pulses of YAG:Nd +3 -laser were shown. Laser radiation at the fundamental wavelength, λ 1 = 1064 nm, and second harmonic, λ 2 = 532 nm, were applied at researches. The size and surface concentration of nanofragments dependences on the intensity and wavelength of the laser irradiation have been determined from experimental data based on atomic force microscopy, infrared transmission spectra and electrophysical measurements. SiO x nanocomposite layers containing Si nanoparticles, the size of which depends on laser beam intensity and wavelength, have been obtained. The processes of nanoparticles formation occur mainly through generation and mass transfer of interstitial atoms in the solid mode (before the melting point threshold) due to the effect of laser thermal shock.
Introduction
Structures with silicon nanoparticles that are grown inside SiO 2 draw researchers' attention due to prospects of creation on their basis functionally new nanoelectronic devices such as nanocrystal memory [1, 2] , single-electron transistors [3] , Si-based LEDs and laser [4] [5] [6] . The fabrication route of Si nanocrystal formation generally consists of two steps. First, SiO x films are made either by deposition [7] [8] [9] [10] [11] [12] , or by implanting Si atoms into pure silica [6] . Then, nc-Si is obtained by thermal annealing of the layers in the inert (argon or nitrogen) atmosphere. The size distribution and number of Si nanocrystals were found to strongly depend both on the content of excess Si into SiO x films and on annealing temperature and duration. The laser annealing for transformation of SiO x film into the nanocomposite one containing Si nanoclusters in a SiO 2 matrix are investigated as an alternative annealing method [12] [13] [14] [15] [16] [17] [18] .
Among the newest technologies of recent years, the direction of laser induced nanostructuring is intensively developed as non-destructive method for relatively soft technological impact. At the same time, the increased interest in nanostructuring the oxides is explained by the possibility of their transformation into nanocomposite layers containing nanocrystals surrounded by corresponding oxide matrix. For example, Zn nanocrystals in the ZnO matrix [19] , Ti in TiO 2 , Si in SiO 2 matrix [20] . It is already known from literature, including our work [16] , that there are experiments demonstrating the possibility of non-ablative laserstimulated phase separation of SiO x oxide film (Sienriched silicon oxide) with appearance of Si nanoclusters and SiO 2 oxide matrix at laser intensities close to the threshold point, but non-destructive for the SiO x /Si system.
In case of thermal annealing the Si nanocrystals are formed over all the area substrate. The laser annealing with intensities lower than the destruction threshold has been used here for the creation of structures with silicon nanoclusters on local areas of wafer. The influence of laser intensity on SiO x film structure transformation and its electrical properties are presented.
Experimental
The SiO x /Si structures were obtained by ion plasma sputtering (IPS) of Si target in O 2 +Ar ambient on single crystalline Si substrate (n-type, ρ = 4.5 Ohm⋅cm (100)). The thickness of SiO x film was d = 100 nm and stoichiometry index was x = 0.98. Investigations of the changes of surface morphology, structural, optical and electrical properties of the SiO x /Si system were performed before and after laser irradiation. The atomic force microscopy (AFM) (Nanoscope IIIa, Digital Instruments, Santa-Barbara, IR Fourier spectrometer BX (firm Perkin-Elmer) in the frequency range of 800…1400 cm -1 , scanning electron microscope (SEM) (TescanMira) using 15 kV electron beam, optical microscope Nikon LV150 were used for investigations of the films. The standard YAG:Nd
+3
-laser with the base frequency λ = 1064 nm and second harmonic λ = 532 nm were used as an irradiation source.
Laser irradiation was carried out at the room temperature and atmospheric pressure. The samples with the Si/SiO x structures were irradiated from the SiO x side using the fundamental (λ = 1064 nm, τ = 15 ns) and the second harmonic (λ = 532 nm, τ = 10 ns) frequencies of the YAG:Nd +3 laser in the Q-modulation mode with the intensity in the range from 10 to 110 MW/cm 2 . This range of intensities was chosen to achieve a nondestructive annealing of SiO x layer using Si substrate as a heat source. Laser irradiation with the wavelength used is not adsorbed by the SiO x film but mainly by Si, and, in such a way, it heated the substrate. In this case, the Si substrate is a heat source for the film. The total influence of laser beam on local place was τ = 15 ns and τ = 10 ns in case of λ = 1064 nm and λ = 532 nm, corresponddingly. The level of the laser beam intensity was controlled by defocusing and/or by the neutral grey optical filters. The pulse laser energy and duration were measured using a conventional pulse energy meter and coaxial photo-element with oscilloscope.
Laser-stimulated phase separation of the SiO x /Si structure
The fact of nanofragmentation of the SiO x film is confirmed by correlation between formation of nanofragments on the surface of SiO x /Si structure (see AFM image in Fig. 1b ) and a shortwave shift of the IR transmission spectrum minimum from 1032 to 1073 cm -1 (Fig. 2 ). As seen from Fig. 2 , the intensity of IR spectrum minimum increases with shifting into the high-frequency region, and absorption area becomes wider after the laser annealing. The shift of minimum position from ν m1 = 1032 cm −1 (x = 0.98) to ν m2 = 1073 сm -1 (x = 1.76) is observed. This shift of the frequency minimum is indicative of phase separation and transformation of the SiO x film [21] . As a result of the structure transformation, the film properties are significantly changed. The detail analysis of IR spectra was performed being based on the mathematical decomposition of the optical density band by elements of the Gaussian profile. It was shown that the main absorption band of the initial SiO x film consists of seven elementary sub-bands resulting from transverse (TO mode) and longitudinal (LO mode) valence oscillations of bridging oxygen that is the part of the molecular complexes Si-O y -Si 4-y (1 ≤ y ≤ 4) (Fig. 3) . The main contribution to the IR absorption band of the initial film is given by the sub- Irradiation with the YAG:Nd +3 laser at two wavelengths λ 1 = 1064 nm and λ 2 = 532 nm was applied in this experiment. At the high intensity level of the fundamental wavelength (λ 1 = 1064 nm), the substrate (Si) was mainly heated, in the second case (λ 2 = 532 nm) as substrate as well as SiO x film was heated. In both cases, the effect of intensive formation of the nanostructure was carried out. In the first case (λ 1 = 1064 nm), the intensive formation of nanoparticles begin at the light intensity I = 16 MW/cm 2 with the average cross-section diameter d = 70 nm and the height h = 85 nm (Fig. 1b) . In the second case (λ 2 = 532 nm), with the same I values, d = 7 nm and h = 5 nm were obtained (Fig. 1c) .
The thresholds of beginning of the morphology changes were sufficiently different: I th1 = 14 MW/cm 2 and I th2 = 6 MW/cm 2 for λ 1 = 1064 nm and λ 2 = 532 nm, accordingly. Besides, the destructive damage thresholds were also significantly different: I th1 = 114 MW/cm 2 and I th2 = 54 MW/cm 2 . It is connected with the large difference between the absorption coefficients (α 1 = 10 сm −1 , α 2 = 10 4 сm −1 ) for two laser wavelengths (λ 1 = 1064 nm, λ 2 = 532 nm), accordingly, at least, at not very high intensity levels. As a rule, there is a tendency in nanocrystal size growth with increasing of the intensity (for example: λ 1 = 1064 nm: I = 16 MW/cm 2 , h = 85 nm; I = 110 MW/cm 2 , h = 100 nm; λ 2 = 532 nm: I = 16 MW/cm 2 , h = 5 nm; I = 50 MW/cm 2 , h = 30 nm). In case of stationary illumination at the wavelength λ 1 = 1064 nm, the temperature of the surface is lower, and the size of nanoclusters, as it is expected, has to be smaller in comparison with that under illumination at λ 2 = 532 nm. But in our experiments with nanosecond pulse illumination, there is a non-stationary process, and the role of temperature and pressure gradients is critical. The mechanism of Si nanocrystals formation is as follows. Because the pulsed laser irradiation leads to rapid and non-homogeneous heating the sample, the concentration of interstitial Si grows on the surface through the generation and redistribution of an excessive Si I due to the effect of laser thermal shock [22] [23] [24] . Laser thermal shock effect manifests itself in certainty of the transfer direction of the impurity atoms or defects in the crystal lattice under conditions of temperature dT/dx and pressure dP/dx gradients action. The transfer direction depends on the ratio of the covalent radii of impurity atom to that of the basic substance atoms. The force acting on the atom is:
where ρ, ρ' are the covalent radii of substance and defect atoms, accordingly. The atoms with larger covalent radius, as it follows from (1), move to a maximum temperature in the field of gradients of temperature and pressure, created by laser irradiation, while smaller atoms move against the gradient (to lower temperatures) (Fig. 4) . As a result, the layer or island enriched with Si I is formed on the surface.
The results on influence of laser annealing on the conductivity of SiO x films are illustrated in Fig. 5 , where the current density on the intensity of laser irradiation (Т = 300 K) with electric field as a parameter are shown.
At the beginning, the increase in current density with growth of laser irradiation intensity to І = 17 МW/сm 2 is observed. The analysis of IR spectra has been shown that after annealing at I = 10 МW/сm 2 the structure, in comparison with the original film, wasn't changed. The electron traps in the film are the conduction states [25] . The decline in current density is observed with increasing the intensity of laser irradiation from 17 to 35 МW/сm 2 . It is caused by the fact that the additional silicon-oxygen bonds are formed with the growing intensity, the concentration of Si-O 2 -Si 2 , Si-O 3 -Si complexes are reduced and, as a result, the density of electron traps are decreased [26] .
Within the range 35 < І < 50 МW/сm 2 the current density is almost unchanged. At this stage of laser annealing, the phase of stoichiometric silicon oxide SiO 2 are formed. This phase is represented by complexes of SiO 4 tetrahedrons combined into 4-and 6-fold rings, and Si nanocrystals [21, 26] . As a result of these changes, the higher density of the interface states between SiO 2 and Si nanocrystals has been appeared, and the number of conductive states in the amorphous SiO x matrix are reduced. Beginning from І ≥ 50 МW/сm 2 , the conductivity has been increased. The reason for this current behavior is the further structural transformations that lead to the tunnel mechanism of electron transport through Si nanocrystals.
As been determined, the basic mechanisms of conductivity through SiO x films after laser annealing are the electron hopping with variable length (the Mott law), space-charge limited current (SCLC), Pool-Frenkel conductivity, and Fowler-Nordheim tunneling in dependence on measurement temperature and electric field [27] . 
Conclusions
The possibility of laser-induced nanostructuring of the SiO x oxide has been shown. The average size of nanoparticles cross-section after laser annealing with the fundamental wavelength λ 1 = 1064 nm was d = 70 nm, and the height h = 85 nm. In the second case (λ 2 = 532 nm), after annealing with the same I values d = 7 nm, and h = 5 nm have been obtained. The thresholds of structural changes beginning and transformation of the SiO x film were determined. The influence of laser intensity up to 100 MW/cm 2 on structural changes, surface nanocrystal concentration and conductivity was investigated. Laser induced changes of the srtuctural, optical and electro-physical properties of SiO x have been explained by generation, redistribution and agglomeration of interstitial Si atoms in solid phase due to the selforganization processes caused by the laser thermal shock effect in the core laser treatment without the need of super high-vacuum chambers and additional thermal heater.
